Gross and light microscopic features of focal nodular hyperplasia of the liver were investigated in beagle dogs used for the study of the long-term effects of low-dose, wholebody, "Co gamma radiation. The nodules were morphologically similar in the irradiated and unirradiated dogs. Microscopically, the normal lobular architecture, although retained, often was distorted. Hepatocytes in the nodules often were vacuolated and the distribution of vacuolated cells varied from focal to diffuse. There were more hepatocytes per unit area within nodules than in the adjacent parenchyma. Nodule hepatocytes were more variable in size. A lower proportion were binucleate and a higher proportion were in mitosis. The cells in the nodules contained less hemosiderin. The incidence of hyperplastic nodules was directly related to age but not to sex, and was higher in irradiated dogs than in controls. Nodular hyperplasia occurred in association with primary hepatocellular neoplasms in only two dogs. I09 
Focal nodular hyperplasia of liver cells has been reported to occur naturally in 15 to 60% of old dogs [ 161. One report describes nodular hyperplasia in ten of 61 dogs (16.4%) between seven and 16 years old 1171. It occurs without breed or sex prevalence and affected dogs are usually 11 or more years old [15] . Morphologic features of nodular hyperplasia have been reported infrequently in the dog [lo, 17, 191 . Data from experimental carcinogenesis studies in rats and mice indicate that hyperplastic liver nodules are often preneoplastic in these species [8, 211 . Unlike rodents, dogs treated with chemical carcinogens have not been reported to develop hyperplastic nodules [l, 111.
Materials and Methods
Necropsy records (21 December 1967 to 31 December 1977) of 208 male and 236 female purebred laboratory beagles were reviewed for occurrence of grossly observable hyperplastic nodules in the liver. The dogs were part of a research colony at the Colorado State University, Collaborative Radiological Health Laboratory. Dogs used for this study were from two sources. Fifty dogs were part of the FI generation, the oldest survivors of the original breeding stock of the colony. These dogs were not part of an experiment and were kept as aging controls. The other 394 were part of a study of the long-term biological effects of relatively low-dose, whole-body, fi"Co gamma radiation using 1680 male and female beagles. Thirteen hundred eighty (1380) of these dogs received a single whole-body exposure to either 20 roentgens (mean dose 16.3 rads) or 100 roentgens (mean dose 82.6 rads) at one of three prenatal (8, 28 , or 55 days post coitus) or three postnatal (2,70, or 365 days post partum) ages.
The 360 control dogs were given sham-irradiations at similar ages. Since relatively few dogs in the long-term study (394/1680) were dead at the time of this analysis, the dogs were grouped as controls (all sham-irradiated dogs), irradiated dogs (irrespective of radiation dose and age at irradiation) or F1 generation dogs. This report is a preliminary analysis; more detailed analyses of the effects of radiation dose and age at exposure are in progress. The basic experimental design and dosimetric data for this experiment have been published [2] .
All dogs were maintained in outside kennels, were fed a standard dry dog chow, and given water ad libitum.
All dogs that died or were killed were given a thorough post mortem examination. All liver specimens were fixed by immersion in 10% buffered neutral formalin and a representative proportion of nodules were futed by immersion in Tellyesniczky's fluid (an alcoholic fmative). Segments of liver were embedded in paraffin, sectioned at 6 pm, and stained with hematoxylin and eosin (HE). Approximately 50 sections were stained with periodic acid-Schiff (PAS) with and without diastase digestion, Masson's trichrome stain, Gomori's stain for iron, Menzies' stain for nucleic acids, or fluorescent acriflavine for deoxyribonucleic acid (DNA). Formalinfixed wet tissue samples from approximately half of the nodule-bearing livers were frozen, cut at 8 to 10 pm, and stained with oil red 0 for lipid. Some sections of hyperplastic nodules were stained with Hall's stain for bilirubin. All sections were examined using bright field microscopy. Sections stained with acriflavine were examined using a fluorescence microscope.
Ten 3-pm specimens of typical hyperplastic nodules, six from unirradiated and four from irradiated dogs, were used for morphometric analyses. Hepatocyte nuclei were counted in 20 equally spaced fields of each nodule (ten fields along the horizontal and ten along the vertical diameter). The same technique was used to count the nuclei in the adjacent non-nodular parenchyma. The number of double nuclei and mitoses per field were counted and tabulated separately and expressed as the number per 1000 cells counted. Bile ducts and blood vessels, except sinusoids, were avoided. The counting field measured approximately 5 mm2 and was represented by a I-cm square net micrometer disc (subdivided into 100 squares) inserted into a 1OX ocular and magnified by a 40X objective.
Results
One or more hyperplastic nodules were seen at necropsy in 67 of the 444 dogs. Gross necropsy reports described semiquantitatively the number of nodules found in livers. Most livers with one to several nodules per lobe were described and classified as having "few" nodules. Some livers with innumerable nodules were described and classified as having "many" nodules per lobe. These judgments were made without knowledge of treatment group. Table I shows the occurrence of hyperplastic nodules in the livers and the mean age of affected dogs of all three groups examined. The group of F1 generation dogs were considerably older than the dogs from the long-term study. Within the F1 group, only dogs that were ten years or older had "many" hyperplastic nodules in their livers. Although the dogs from the long-term study were younger, a significant number of dogs within the irradiated population between four and ten years old had livers containing "many" nodules. Conversely, no control dogs of similar ages had livers with "many" nodules. In general, the incidence and number of nodules 11.90 f 0.63
7.50 f 0.42
11.69 f 0.28 increased with age. The cumulative incidence of liver nodules in the F1 group was calculated as described [ 141 (fig. 1 ). The cumulative incidence curve, representing both sexes, shows the probability of one or more hyperplastic nodules at necropsy in F1 Collaborative Radiological Health Laboratory beagles at any age. This underestimates the actual incidence of this lesion, since it is probable that other living dogs of that age have clinically unrecognized liver nodules.
Neither gross nor microscopic examination of the hyperplastic nodules indicated morphological differences among the groups; therefore, the morphologic features are discussed for all groups together.
Grossly, the nodules were spherical to ovoid and caused slight bulging of the capsular or cut surface of the liver ( fig. 2) . Most were 0.5 to 1.5 cm in greatest dimension, but they ranged from 0.1 to 5.0 cm. Most superficial nodules bulging from the capsule merged imperceptibly into the surrounding liver. Most of the nodules deep in the parenchyma and some superficial nodules were well circumscribed and distinct. The majority were pink or pinkish-tan, Others were brown, purplish-brown, pinkish-brown, pinkish-red, or light yellow. Color differences between nodule and adjacent parenchyma were usually detectable, but differences were difficult to see in congested livers. Nodules detected at necropsy often were very difficult to see after fixation and sectioning. A few small, thin-walled blood vessels often were seen on the capsular surface of larger nodules. The nodules generally were softer than the adjacent liver, but occasionally were of similar consistency, and in rare instances firmer. When many nodules occurred, all lobes were about equally involved. When only a few nodules were present, they usually occupied the left lateral, right lateral, and right medial lobes. Most of the nodule-bearing livers were not reduced in size.
One or more nodules were studied in sections of liver from 5 1 dogs. The nodules were composed of proliferating hepatocytes within one or several contiguous lobules. Portal tracts, central veins, and sinusoids always were preserved, but their relative positions were altered. Portal tracts and central veins were fewer in a given area of the nodular tissue as compared with the adjacent non-nodular tissue. The nodules were of three major types, based on the vacuolization of the hepatocytes within them: those with non-vacuolated cells, those with focal areas of vacuolated cells, and those consisting primarily of vacuolated cells ( fig. 3-8 ). These types overlapped considerably.
The nodules with non-vacuolated cells were generally the smallest and least frequent. Their margins often were more irregular than those of nodules with vacuolated cells and sometimes the borders between the nodule and the surrounding parenchyma were not distinct ( fig. 5 ). The hepatocytes within these nodules were similar to those in the surrounding parenchyma except for increased cell density in the nodular region, thus these nodules were not well demarcated. Cords of hepatocytes and sinusoids were irregular and compression of surrounding parenchyma was variable.
The most common nodules had focal areas of vacuolated cells. All of the largest nodules had some foci of cellular vacuolization. The vacuolated hepatocytes usually were in paracentral and midzonal areas or both ( fig. 6 ) . Cytoplasmic changes ranged from distinct vacuoles to cells with lacy or unstained but non-vacuolar cytoplasm. Cells with both appearances stained with oil red 0 for lipid. Only a single nodule was seen with diastase-labile, PAS-positive staining compatible with glycogen deposition. Hepatocytes with the non-vacuolar clear cytoplasm had centrally placed nuclei, while those with more typical vacuolar change often had peripherally displaced, compressed nuclei. Sinusoids usually were compressed and hepatic cords were irregular. All had some compression of surrounding parenchyma. The nodules with the most severely vacuolated cells were seen in livers with moderate to severe centrilobular lipidosis. Otherwise, the only significant difference was the degree of lipid change.
Bile duct hyperplasia was seen only twice and only two nodules had evidence of bile retention. No capsule formed around any nodules. Nodules in older dogs had less lipofuscin pigment in the hepatocytes than in the surrounding liver and nodule hepatocytes and Kupffer cells contained much less hemosiderin than the surrounding tissue. Stains for nucleic acids did not show consistent differences between nodule hepatocytes and those of surrounding non-nodular parenchyma.
Nodules usually contained one or more mitoses. One nodule with numerous mitoses had a mitotic index of 1.58 per 1000 cells, but usually the mitotic index was low and made the counts impractical. Mitoses usually were seen in non-vacuolated cells but were rare in non-nodular parenchyma; only twice were there as many mitoses as found in the nodules.
Non-nodular hepatic tissue adjacent to nodules usually had mild to moderate degenerative changes consisting of focal to zonal vacuolization of hepatocytes, increased hemosiderin deposits, lipofuscinosis, focal congestion, and focal infiltration of lymphocytes and plasma cells usually in portal tracts. Except for vacuolization, these changes were less pronounced in the nodule tissue, but they also were seen in the liver sections of most older dogs whose livers were grossly devoid of nodules.
Two of the 444 dogs had hepatocellular carcinomas, one had a hepatocellular adenoma, and one had a bile duct adenoma. All these neoplasms except the hepatocellular adenoma occurred in F1 generation dogs. The latter tumor occurred in an irradiated dog. The livers from three dogs with neoplasms contained few to many hyperplastic nodules and one dog with a carcinoma had no nodules. Counts of hepatocytes in nodular and non-nodular liver from six unirradiated and four irradiated dogs are shown (table 11). There was no statistical difference in hepatocyte counts between irradiated and unirradiated dogs in either nodular or non- ' Difference between nodular and non-nodular tissue obtained by an F-test using all ten dogs. nodular areas. There was, however, a significant difference in counts between nodular and non-nodular tissue, with the cellular density higher in the nodules. The ratios of binucleate cells from the same ten dogs are shown (table 111) . Again, no difference was seen between irradiated and unirradiated dogs; however, more binucleate cells were found in non-nodular tissue.
The cell counts varied more from field to field within a nodule than in non-nodular tissue (table IV) . This variance of the cell counts between nodular and non-nodular tissue was statistically significant (F-test) suggesting that cell sizes were more variable within the nodules.
Discussion
Morphologic features of hyperplastic liver nodules in beagles in this study agree with those observed by others [6, 10, 15, [17] [18] [19] . The increased number of cells per unit area, with increased mitotic activity, suggests that these lesions are truly hyperplastic. In contrast to our findings, several morphologic descriptions of the canine hyperplastic nodule stated that hepatocyte cell size within nodules exceeded that of the surrounding tissue [lo, 181 and one report included measurements indicating greater nuclear size in nodules as compared with adjacent tissue [17] . Since most of the hyperplastic nodules contained many large vacuolated cells and since these cells are the most striking feature in the nodule, the misleading impression is that the cells are larger than normal. The morphometric evaluations reported here, however, suggest this is not the case. Opinion has been that hepatocytes of hyperplastic nodules in rodents also are larger than those of the adjacent parenchyma in both induced and spontaneous cases [4, 6, 201; however, no morphometric studies of rodent nodules were found in the literature. In the livers we evaluated, hepatic lobular architecture within nodules always was retained, although distorted often. This finding agrees with that of the only other large series reported [17] but differs from other morphologic descriptions [lo, 191. In our study, binucleate cells were less common within nodules than in the non-nodular parenchyma. The reverse has been implied though not definitively stated, by other authors [15, 17, 191 . Our data indicate, as have other reports, that a high proportion of hyperplastic nodules have cells with abundant lipid 113, 15, [17] [18] [19] . Glycogen deposition within nodule cells was rare in this study, whereas vacuolation in nodule cells has been attributed to glycogen in some studies in the dog [ 10, 171 , and stable glycogen is one of the important features of nodule hepatocytes in the rat [3, 81. The decreased hemosiderin in nodule hepatocytes is consistent with reports of disturbed iron metabolism or uptake in induced hyperplastic nodules of the rat [23, 241. This suggests a younger cell population or, as suggested in the rat, a specific metabolic alteration. We suggest that the nodules with non-vacuolated cells represent the earliest stage of nodule formation and progressive vacuolation is probably the result of relative ischemia as the nodule enlarges and the blood supply is distorted.
It has been suggested that spontaneous nodular hyperplasia in the dog is stimulated by senile functional degradation of the parenchyma [18] . The condition may be induced artificially by feeding high fat-low protein diets [22] . Chronic beta irradiation has been associated with hepatic degeneration and an increase of hyperplastic nodules in beagles at cumulative doses as low as 640 rads 151. In our study there was no evidence of significant degeneration in irradiated livers. At the time of this analysis the irradiated dogs were almost all under nine years of age. Since the F1 generation dogs developed most hyperplastic nodules after ten years of age, it will be interesting to follow these lesions as the irradiated dogs age. Dogs in our study developed hyperplastic nodules earlier and in greater numbers after receiving single acute exposures to gamma radiation during prenatal or postnatal development.
It will also be interesting to follow the potential development of hepatocellular neoplasia in these dogs. An extensive review of multiple primary tumors of domestic animals has stated that it may be impossible to distinguish between hyperplastic nodules and hepatocellular adenomas in the dog [7] . A detailed comparison of ten cases of nodular hyperplasia with four cases of hepatocellular carcinoma in the dog indicates that hyperplastic nodules and carcinomas have several clearcut distinguishing features [17] . A review of primary liver cell carcinoma in domestic animals has shown that although hyperplastic nodules are common in the dog, as is cirrhosis, the occurrence of hepatocellular carcinoma in cirrhotic livers is rare [ 121. Chronic beta irradiation has been associated with greater incidence of hyperplastic nodules but not of tumors of hepatocellular origin in beagles [5] . Grossly observed hyperplastic nodules have not been reported in dogs chronically treated with the hepatocarcinogens, 2 acetylaminofluorene or diethylnitrosamine, although a high proportion of those dogs developed hepatic neoplasms, mainly of mesenchymal origin [l, 111. In rodents, particularly the rat, a direct developmental sequence from nodular hyper-plasia to carcinoma has been suggested repeatedly. In occasional nodules, islands of atypical basophilic hepatocytes, indistinguishable on light microscopic examination from true hepatocellular carcinomas, have been suggested [S, 91. Since the nodules are usually associated with the administration of hepatocarcinogens and since naturally-occurring hyperplastic nodules and hepatocellular carcinomas are rare in the rat, the term neoplastic nodule recently has been considered more appropriate than hyperplastic nodule in that species [21] . In our study, 67 of 444 dogs had hyperplastic nodules, while only four of the 444 dogs had liver neoplasms. The two lesions were easily distinguishable. Our data suggest that the hyperplastic liver nodules in the dog are not preneoplastic and they should not be considered similar to those of the rat.
